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Mechanisms that govern cell-fate speciﬁcation within developing epithelia have been intensely
investigated, with many of the critical intercellular signaling pathways identiﬁed, and well character-
ized. Much less is known, however, about downstream events that drive the morphological differentia-
tion of these cells, once their fate has been determined. In the Drosophila wing-blade epithelium, two
cell types predominate: vein and intervein. After cell proliferation is complete and adhesive cell–cell
contacts have been reﬁned, the vast majority of intervein cells adopt a hexagonal morphology. Within
vein territories, however, cell-shape reﬁnement results in trapezoids. Signaling events that differentiate
between vein and intervein cell fates are well understood, but the genetic pathways underlying
vein/intervein cyto-architectural differences remain largely undescribed. We show here that the Rap1
GTPase plays a critical role in determining cell-type-speciﬁc morphologies within the developing wing
epithelium. Rap1, together with its effector Canoe, promotes symmetric distribution of the adhesion
molecule DE-cadherin about the apicolateral circumference of epithelial cells. We provide evidence that
in presumptive vein tissue Rap1/Canoe activity is down-regulated, resulting in adhesive asymmetries
and non-hexagonal cell morphologies. In particular Canoe levels are reduced in vein cells as they
morphologically differentiate. We also demonstrate that over-expression of Rap1 disrupts vein
formation both in the developing epithelium and the adult wing blade. Therefore, vein/intervein
morphological differences result, at least in part, from the patterned regulation of Rap1 activity.
& 2012 Elsevier Inc. All rights reserved.Introduction
Genetic analysis of the Drosophila wing imaginal disc has
revealed many of the mechanisms by which growth and pattern-
ing of developing epithelia are controlled. However, at the stage
when cell proliferation in the disc is nearly complete (Buttitta
et al., 2007), and cell fates along multiple body axes (e.g., anterior/
posterior, and dorsal/ventral) have been determined (Bryant,
1975), the epithelium bears little resemblance to an adult
appendage. Pupariation (the transition between larval and pre-
pupal stages of development) begins the processes of wing disc
eversion and subsequent elongation. During this time, dramatic
changes in cell shape transform the wing imaginal disc into the
appropriate adult structures (Turner and Adler, 1995). The
mechanisms underlying this latter stage of disc development, its
morphological differentiation, are not well understood. It is
important, therefore, to determine how signaling events knownll rights reserved.to specify cell fates within a developing epithelium are translated
into the cyto-architectural changes necessary to achieve the
adult form.
The wing blade is an intensely studied portion of the Drosophila
wing imaginal disc, and provides an elegant system in which to
investigate the morphological differentiation of a particular cell type.
Only two cell types predominate in this region of the epithelium:
vein and intervein. In the adult structure, veins are linear delamina-
tions of the otherwise opposed dorsal and ventral wing surfaces.
These ﬂuid-ﬁlled tubes provide wing rigidity that is necessary for
ﬂight. Within the blade, veins are positioned in highly stereotypical,
species-speciﬁc patterns (De Celis and Diaz-Benjumea, 2003).
Six longitudinal veins (L1–L6), and two cross-veins (anterior and
posterior) characterize the adult Drosophila melanogaster wing
(Fig. 1A), and it is well known which developmental signaling
pathways distinguish between vein and intervein cell fates in this
system (Sotillos and De Celis, 2005). Activation of the Epidermal
growth factor receptor (Egfr) is the earliest indication of vein identity
(Sturtevant et al., 1993), while subsequent signaling through the
Notch and Decapentaplegic (Dpp) pathways reﬁne (de Celis et al.,
1997; Huppert et al., 1997) and maintain (de Celis, 1997) the pattern
Fig. 1. During wing epithelial cell-shape reﬁnement, vein and intervein cells adopt different morphologies. (A) Wild-type adult wing. Longitudinal veins 1–6 (L1–L6) and
two crossveins (anterior (acv) and posterior (pcv)) are labeled. (B) Pupal wing (36 h APF) labeled for DE-cadherin. (C–E) Timecourse of cell-shape reﬁnement within the
pupal wing. Wings were dissected at 18 h APF (C), 24 h APF (D), or 36 h APF (E), and labeled for DE-cad. Each image is centered on longitudinal vein L3. (F) To quantify cell
shape, the number of cell–cell contacts was determined for each cell (36 h APF is shown). (G) Quantiﬁcation of intervein cell shape reﬁnement. Between 18 and 36 h APF,
intervein cell shape variability decreases as hexagons become dominant (n¼4–6 images per time point, with 43–364 cells per image). (H) Quantiﬁcation of vein and
intervein shape differences at 36 h APF. On average, vein cells have one fewer cell–cell contact than surrounding intervein cells (n¼6 images, with 13–64 vein and 27–177
intervein cells per image). Error bars indicate SEM.
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focused on the mechanisms by which vein cells are speciﬁed and
positioned within the wing epithelium. Egfr/Notch/Dpp target genes
that control the morphological changes necessary for vein-cell
differentiation have not been thoroughly described.
An increasing body of evidence suggests that in addition to
specifying cell fates, the Egfr, Notch and Dpp pathways are
capable of affecting cell morphology within the developing
Drosophila wing and elsewhere. For example, Egfr signaling up-
regulates the homophilic adhesion molecule DE-cadherin (DE-
cad), affecting cell-cell adhesion, epithelial integrity, and cell
shape in the Drosophila wing, eye, and trachea (Brown et al.,
2006; Cela and Llimargas, 2006; Jeon and Zinn, 2009; Mirkovic
and Mlodzik, 2006; O’Keefe et al., 2007). Notch activity in the
distal wing regulates actin/myosin levels, creating a population of
distinctly shaped cells at the dorsal/ventral boundary that servean important function during tissue compartmentalization (Major
and Irvine, 2005; Major and Irvine, 2006). Finally, loss of Dpp
signaling dramatically affects the cytoskeleton of wing cells,
resulting in their basal extrusion from the epithelium (Gibson
and Perrimon, 2005; Shen and Dahmann, 2005). In contrast, high
levels of Dpp signaling correlate with an elongated columnar
shape in the wing disc (Widmann and Dahmann, 2009). Roles for
Dpp in epithelial morphogenesis have also been described in the
pupal retina, the embryonic epidermis during dorsal closure, and
the abdominal histoblasts (Cordero et al., 2007; Fernandez et al.,
2007; Ninov et al., 2010). It is plausible, therefore, that a single
developmental signaling pathway could be used reiteratively to
control speciﬁcation and later the morphological differentiation
of a particular cell type.
Here we provide evidence that the Rap1 GTPase plays a critical
role in determining the cyto-architectural differences between
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Ras (Lundquist, 2006), affecting cell adhesion and migration
in numerous developmental and homeostatic contexts. Initial
studies focused on the relationship between Rap1 and integrin-
based cell adhesion (Bos et al., 2003; Caron, 2003; Su et al., 2003).
For example, Rap1 activity is required in lymphocytes for trans-
endothelial migration, an integrin-dependent process (Shimonaka
et al., 2003). Subsequently, it was discovered that homophilic cell
adhesion through the cadherin family of transmembrane proteins
also depends on Rap1. This was ﬁrst demonstrated in the devel-
oping Drosophila wing where Rap1 activity is necessary to main-
tain an even distribution of DE-cad about the apicolateral
circumference of wing epithelial cells (Knox and Brown, 2002).
Similarly, vertebrate epithelia lacking Rap1 have reduced levels of
E-cadherin (Hogan et al., 2004; Price et al., 2004), and mice with
diminished Rap1 activity die during early embryonic stages as a
result of cell-adhesion defects (Ohba et al., 2001). We show here
that in the Drosophila wing blade, cell-type-speciﬁc regulation of
Rap1 is necessary for vein differentiation. In particular, Egfr
signaling down-regulates Rap1 activity in vein cells, resulting in
adhesive asymmetries and non-hexagonal morphologies that
characterize the epithelial wing vein structure.Materials and methods
Genetics
Fly stocks used for this analysis: w1118 (Hazelrigg et al., 1984),
hsFLP122; ActinoCD2oGal4, UAS-GFP (Neufeld et al., 1998; Pignoni
and Zipursky, 1997; Struhl and Basler, 1993), UAS-tkvQ235D (Nellen
et al., 1996), UAS-RasV12 (Karim and Rubin, 1998), UAS-lambda-top
(Queenan et al., 1997), UAS-DE-cad (Sanson et al., 1996), hsFLP122;
FRT80B, Ubi-GFP (Xu and Rubin, 1993), Rap1rB3 (Hariharan et al.,
1991), UAS-Rap1V12 (Boettner et al., 2003), UAS-Rap1wt (Boettner
et al., 2003), apGal4 (Calleja et al., 1996), Rap1-GFP (Knox and
Brown, 2002). To generate labeled clones of cells, larvae were heat
shocked at 72 h after egg deposition (AED) for 10 min (ﬂp/Gal4,
gain-of-function) or 60 min (ﬂp/FRT, loss-of-function) in a 37 1C
water bath. For two-cell clone analysis, pre-pupae were heat
shocked at 0 h after puparium formation (APF) for 3 min.
Immunohistochemistry and image analysis
Pupal wings were dissected at 18, 24, or 36 h APF in phos-
phate-buffered saline (PBS) and ﬁxed for 20 min in 4% parafor-
maldehyde in PBS. After washes in PBS-Triton (0.1%) (PBT), wings
were placed in blocking solution (PBT plus 4% normal goat serum)
for 2 h at room temperature, or overnight at 4 1C. Wings were
subsequently incubated in primary antibody overnight at 4 1C.
Washes and secondary antibody incubation followed standard
protocols. Antibodies used for these studies were directed against
DE-cad (1:100; Developmental Studies Hybridoma Bank), Canoe
(1:100; gift from D. Yamamoto), or DSRF (1:500; Active Motif,
Carlsbad, CA). Alexa Fluor conjugated secondary antibodies were
used (1:1500; Invitrogen, Carlsbad, CA). Adult wings were placed
in EtOH for 1 h, transferred to methylsalicylate for 1 h, and
mounted in Canada balsam/methyl salicylate (1:1).
Fluorescent images were acquired using a Zeiss LSM 510 or a
Leica TCS SP5 confocal microscope. When analyzing GFP-expres-
sing clones of cells, the GFP signal was detected throughout the
cytoplasm and nucleus. As adherens junctions and nuclei are
found at different planes of focus, the GFP signal did not
accurately delimit clone boundaries in stacks of confocal images.
Thin confocal sections at the apical surface were therefore used to
precisely determine clone boundaries (images not shown). AdobePhotoshop was used to compile images. Pixel intensities along
linear vectors were determined using ImageJ. Graphs were
generated and statistical analyses (Student’s t-test) performed
using Microsoft Excel.Results
Epithelial cell-shape differences between vein and intervein
precursors in the pupal wing
In the developing Drosophila wing, cell proliferation is complete
at approximately 20 h APF (Buttitta et al., 2007; Milan et al., 1996;
Schubiger and Palka, 1987). At this time, remodeling of cell–cell
adhesive contacts creates a highly uniform lattice of hexagonally
shaped epithelial cells; a process termed hexagonal packing (Classen
et al., 2005). We conﬁrmed this result by dissecting wing epithelia
from 18-, 24-, and 36-h APF animals (genotype: w1118) and labeling
them with antibodies directed against DE-cad (Fig. 1B–E). DE-cad is
a key component of the apicolateral adherens junction complex, and
delineates the apical shape of each wing epithelial cell when
visualized (Oda et al., 1994;Woods et al., 1997). To quantify changes
in epithelial cell shape, the number of cell–cell contacts (sidedness)
was determined manually for each cell within a given image
(Fig. 1F). As reported previously (Classen et al., 2005), epithelial
cell-shape variability for cells within intervein territories was
greatly reduced at 36 h APF compared to earlier time points. By
36 h APF, hexagons predominated, while seven-, ﬁve-, and four-
sided cells had become far less common (Fig. 1G).
Cells fated to form wing veins, however, did not adopt
hexagonal morphologies. Speciﬁed during larval stages of devel-
opment (Sturtevant et al., 1993), vein cells remain morphologi-
cally indistinct for a number of days. By 36 h APF, however, each
vein consists of many, linearly arrayed, trapezoidal-shaped cells
(in contrast to the surrounding hexagonal intervein cells) (Fig. 1E
and F). When the shape of 36-h APF vein cells was quantiﬁed,
ﬁve-sided cells predominated (Fig. 1H). While the signals that
direct vein-cell fate have been well described, the downstream
effectors that determine vein cyto-architecture are less clear.
We have investigated, therefore, the mechanism by which ﬁve-
sided vein cells are created within the hexagonal wing epithelium.
Asymmetric cell adhesion in developing wing veins
As a ﬁrst step toward understanding how vein-cell shape is
controlled, we characterized cell–cell contacts within small ecto-
pic patches of vein tissue. Using the ﬂp/Gal4 system, animals were
heat shocked at pupariation (0 h APF) to generate two-cell clones
that expressed an activated version of the Thickvein (Tkv)
receptor (TkvQ235D) (genotype: hsFLP122; ActoCD2oGal4, UAS-
GFP/UAS-tkvQ235D). Wings were dissected at 36 h APF and labeled
for DE-cad. Tkv is the Drosophila BMP4 receptor homologue and is
principally activated by the secreted ligand Dpp. Extensive
experimentation has shown it to be necessary and sufﬁcient for
the speciﬁcation of wing vein cell fate (de Celis, 1997; Sotillos and
De Celis, 2005). TkvQ235D was able to induce ectopic vein tissue
during this 36-h period, indicated by down-regulation of the
intervein marker DSRF (Montagne et al., 1996) (data not shown).
Compared to control clones that expressed only GFP (Fig. 2A and B),
two-cell clones that expressed TkvQ235D were apically constricted
(Fig. 2D and E), and the number of cell–cell contacts was reduced
(Supplemental Fig. S1). Most striking, however, was the pattern of
DE-cad localization. While DE-cad levels were generally elevated in
TkvQ235D-expressing cells, extremely high levels were observed at
the vein–vein interface (the border between the two cells of the
clone) (Fig. 2F). This was in contrast to wild-type intervein cells that
Fig. 2. Vein cells asymmetrically distribute DE-cad. (A–I) Using the ﬂp/Gal4 system, animals were heat-shocked at 0 h APF to generate two-cell clones (GFP-positive).
Wings were dissected at 36 h APF and labeled for DE-cad. (B,E and H) Magniﬁed views of individual clones are shown (boxed regions). White lines indicate vectors along
which ﬂuorescence intensity was measured and graphed (C,F and I). (A–C) Cells expressing GFP are generally hexagonal and have an even distribution of DE-cad about
their apicolateral circumference. (D–F) Ectopic vein cells expressing TkvQ235D are apically constricted, no longer hexagonal, and asymmetrically concentrate DE-cad at the
vein–vein interface. (G–I) Ectopic vein cells expressing RasV12 also asymmetrically concentrate DE-cad at the vein–vein interface. (J) Wild-type wing (36 h APF) labeled for
DE-cad. Magniﬁed view of vein L3 is shown. Green lines indicate vectors along which ﬂuorescence intensity was measured and graphed (K and L). DE-cad levels are higher
at vein–vein points of contact than vein–intervein. Note that y-axis scales are not identical between panels.
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(Fig. 2C). Statistical analyses of adherens junction localization are
presented in Supplemental Fig. S2A and B.
To determine whether this asymmetric distribution of DE-cad is
a general feature of vein cells, or TkvQ235D-speciﬁc, we expressed an
activated version of the Ras GTPase (RasV12) using the same
experimental protocol. In the developing wing, Ras is a critical
component of the Egfr signaling cascade (Diaz-Benjumea and Hafen,
1994), and ras lies genetically upstream of tkv in differentiating vein
cells (de Celis, 1997; Sotillos and De Celis, 2005). As with Tkv, Egfr/Ras
activity is both necessary and sufﬁcient for wing vein formation
(Diaz-Benjumea and Hafen, 1994; Karim and Rubin, 1998; Prober and
Edgar, 2000; Sturtevant and Bier, 1995; Sturtevant et al., 1993). When
the UAS-RasV12 transgene was expressed from 0–36 h APF in two-cell
clones, similar effects on cell sidedness (Supplemental Fig. S1) and
DE-cad distribution were observed (Fig. 2G and I). In particular,
DE-cad levels were highest at vein–vein interfaces (Fig. 2I;
Supplemental Fig. S2C and D), as was the case with TkvQ235D. A
similar phenotype was also seen using an activated version of Egfr
(lambda-top), indicating that this is not a Ras-speciﬁc effect
(Supplemental Fig. S3). The phenotypes associated with Egfr/Ras
and Dpp signaling pathways were not identical, however, as TkvQ235D
had a more dramatic effect on apical constriction.
Whereas we initially noticed adherens junction asymmetries
in two-cell clones of ectopic vein cells, this property is also clearlyvisible in the wild-type wing. When levels of DE-cad were
quantiﬁed in images of 36-h APF wild-type wings, higher levels
of DE-cad were found at vein–vein cell interfaces than at vein–
intervein interfaces (Fig. 2J and L; Supplemental Fig. S2I and J).
These experiments reveal two basic properties of vein cyto-
architecture. First, vein cells asymmetrically distribute DE-cad
about their apicolateral circumference (in contrast to intervein
cells that are characterized by a symmetrical distribution of
DE-cad). DE-cad levels were highest at vein–vein interfaces, indicat-
ing that vein cells preferentially adhere to one another. Second, vein
cells generally have fewer cell–cell contacts than intervein cells:
approximately ﬁve, rather than six. As adherens junctions play such
a critical role in determining epithelial cell shape (Lecuit and Lenne,
2007), the ﬁve-sided characteristic of vein cells is likely a secondary
consequence of altered cell adhesion.
Rap1 regulates vein differentiation
Taking a candidate-gene approach, we began to explore the
mechanisms that control vein–cell adhesion and morphology.
We have previously demonstrated that from early stages of wing
development presumptive vein cells express higher levels of DE-cad
than adjacent intervein cells. Furthermore, Egfr/Ras signaling is
critical for this adhesive difference (O’Keefe et al., 2007). We asked,
therefore, whether the effects on adhesion and shape that we
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levels of DE-cad. To test this hypothesis, we over-expressed DE-cad
in two-cell clones, but did not observe a dramatic effect on shape.
Intervein cells expressing DE-cad were hexagonal (Fig. 3A and
B; Supplemental Fig. S1), and maintained an even distribution of
DE-cad (Fig. 3C). Up-regulation of DE-cad, therefore, is not sufﬁcient
to confer vein-cell shape within an intervein territory.
Alternatively, vein-cell shape could depend on the asymmetric
distribution of adherens junctions, rather than the absolute level
of DE-cad. The Rap1 GTPase has been shown to regulate cell
adhesion and migration in many developmental and homeostatic
contexts. In particular, epithelial cells require Rap1 activity to
maintain an even distribution of adherens junctions about their
apicolateral circumference (Knox and Brown, 2002). Using the ﬂp/
FRT system, Rap1 mutant clones of cells were generated during
larval stages and wings were dissected and analyzed at 36 h APF
(genotype: hsFLP122; FRT80b, Rap1/FRT80b, Ubi-GFP). As has been
described previously, Rap1 loss-of-function clones scattered
within the plane of the wing epithelium as a result of ineffective
cell–cell adhesion (Knox and Brown, 2002) (Fig. 3D and G).
Frequently, pairs of cells separated from the main body of the
clone, generating, in effect, two-cell clones. These Rap1 mutant
pairs of cells had a rounded shape and an asymmetric distribution
of DE-cad (even when located within intervein regions) (Knox and
Brown, 2002) (Fig. 3E and F), which appeared remarkably similar
to two-cell clones of ectopic vein cells (RasV12-expressing cells in
particular) (compare Fig. 2H and Fig. 3E). When the number of
cell–cell contacts was measured in Rap1mutant clones (Fig. 3H) a
dramatic effect was seen. Most Rap1 mutant cells had fewer than
six cell–cell contacts, as four cell–cell contacts were most com-
mon (Fig. 3I). Importantly, Rap1 mutant cells within intervein
regions maintain DSRF expression, and therefore intervein-cellFig. 3. Cells that lack Rap1 activity phenotypically resemble vein cells. (A–C) Using the
(GFP-positive). (D–I) Using the ﬂp/FRT system, Rap1 loss-of-function clones (GFP-negativ
labeled for DE-cad. (B and E) Magniﬁed views of boxed regions are shown. White line
(C and F). DE-cad asymmetries in vein cells do not result simply from increased levels
have an even apicolateral distribution of DE-cad (C). Pairs of Rap1 mutant cells frequ
distribution phenotypes (F) similar to ectopic vein cells. (G–I) When sidedness of Rap1
fewer cell–cell contacts than surrounding wild-type cells (n¼4 images, with 20–34 Rap
scales are not identical between panels.fate. Based on these observations, we hypothesized that in vein-
cell precursors the non-hexagonal morphology and the asym-
metric distribution of adherens junctions result, at least in part,
from the down-regulation of Rap1 activity.
If less Rap1 activity is necessary for the morphological differ-
entiation of vein cells, then over-expression of Rap1 should
disrupt this process. To test this idea, we expressed an activated
version of the Rap1 protein (Rap1V12) in the developing wing.
Cells expressing Rap1V12 down-regulated the intervein marker
DSRF, however, indicating a switch to vein identity, and rendering
this experiment inconclusive (data not shown). As an alternative
means of increasing Rap1 activity, we over-expressed a wild-type
version of Rap1 in clones of cells. Vein/intervein cell fate was not
affected in Rap1 gain-of-function clones (as measured by DSRF)
(Supplemental Fig. S4), but DE-cad was elevated (Fig. 4A). This, in
combination with the loss-of-function data, clearly indicates that
Rap1 functions to stabilize adhesive contacts between wing
epithelial cells. The most dramatic effect of Rap1 over-expression,
however, was seen in vein cells, where vein-shape reﬁnement
was inhibited (Fig. 4B). Vein cells over-expressing Rap1 main-
tained symmetric distributions of apicolateral adherens junctions,
and therefore did not adopt their characteristic trapezoidal con-
formation (compare Fig. 4C to Fig. 4D and E). Accordingly, when
adult wings containing Rap1 over-expressing clones were exam-
ined, vein discontinuities (a phenotype never seen in wild-type
controls) were often observed (data not shown).
To more deﬁnitively characterize the adult-wing phenotype
associated with Rap1 over-expression, apterous-Gal4 (apGal4) was
used to express Rap1 throughout the dorsal surface of the wing from
mid-larval stages of development (Calleja et al., 1996). In wild-type
wings, vein cells form distinct tubular structures (Fig. 4F). Rap1
over-expression did not affect wing-vein patterning (i.e., stripes ofﬂp/Gal4 system, animals were heat shocked at 0 h APF to generate two-cell clones
e) were generated during larval stages. (A–I) Wings were dissected at 36 h APF and
s indicate vectors along which ﬂuorescence intensity was measured and graphed
of DE-cad, as two-cell clones over-expressing DE-cad are hexagonal (A and B) and
ently scatter within the epithelium, displaying cell-shape (D and E) and DE-cad-
mutant cells was measured and quantiﬁed they were found to have dramatically
1 and 47–145 wild-type cells per image). Error bars indicate SEM. Note that y-axis
Fig. 4. Increased levels of Rap1 stabilize DE-cad and disrupt vein differentiation. (A–E) Clones of cells over-expressing wild-type Rap1 (GFP-positive) were generated
during larval stages. Wings were dissected at 36 h APF and labeled for DE-cad. (A) DE-cad levels are elevated within clones over-expressing Rap1. (B) Rap1 over-expression
disrupts vein-cell morphology. Arrows labeled c–e indicate vein regions that are magniﬁed in C–E. (C) Wild-type portion of the vein showing cells with asymmetric
distributions of DE-cad. (D and E) Vein cells over-expressing Rap1 are shown. DE-cad is symmetrically distributed and vein cyto-architecture is abnormal. (F) Veins within
wild-type wings consist of distinct tubular structures. Veins L2–L5 are labeled. (G) The apGal4 driver was used to over-express Rap1 throughout the dorsal wing surface.
Pigmented cuticle associated with vein tissue is found in appropriate regions, but vein lumens are often disrupted (indistinct edges). To demonstrate a consistent plane of
focus, a sensory structure (campaniform sensilla) on the dorsal surface of each wing is indicated (arrows, F and G).
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tubular lumens were often less distinct or absent altogether
(Fig. 4G). Although it is unclear how the apical shape of vein
epithelial precursors (which are assembled together like a lattice
beam used in construction) functionally contributes to the adult
vein, Rap1-mediated disruption of this cyto-architecture affected
vein morphology within the adult structure.
Thus, either loss of Rap1 or Rap1 over-expression creates a
disconnection between cell fate and morphology. Rap1 loss-of-
function clones of cells within intervein territories maintain high
levels of DSRF expression (i.e., maintain an intervein cell fate), but
adopt the morphological properties of vein cells. In contrast, vein
precursors that over-express Rap1 maintain low levels of DSRFexpression (i.e., maintain a vein cell fate) but adopt the morpho-
logical properties of intervein cells. Taken together, these results
are consistent with the hypothesis that Rap1 activity is down-
regulated in vein cells compared to intervein cells, which leads to
an asymmetric apicolateral distribution of DE-cad. In turn, these
adhesive asymmetries result in fewer cell–cell contacts, and a
non-hexagonal cell shape.
Rap1 activity in the pupal-wing epithelium
If Rap1 indeed contributes to the morphological differentiation of
vein cells, the level of Rap1 protein and/or Rap1 activity should be
lower in vein cells of the pupal wing (when compared to intervein
D.D. O’Keefe et al. / Developmental Biology 369 (2012) 223–234 229cells). We therefore examined levels of Rap1 protein and the Rap1
effector Canoe in vein and intervein cells. Wings expressing a Rap1-
GFP fusion protein (controlled by the endogenous Rap1 promoter
(Knox and Brown, 2002)) were dissected at 36 h APF and stained for
DE-cad (Fig. 5A). As seen previously, DE-cad levels were elevated at
vein–vein interfaces, and quantiﬁcation of pixel intensities con-
ﬁrmed this observation (Fig. 5B and C). Compared to the average
intervein cell–cell junction, there was approximately two-fold more
DE-cad present at vein–vein junctions per unit area (Fig. 5D)
(See Supplemental Fig. S5 for details concerning this quantitative
analysis). In contrast, we found no differences in Rap1-GFP levels
between vein and intervein cell junctions (Fig. 5A and D). These data
reveal DE-cad/Rap1 stoichiometric differences between vein and
intervein cells. If we assume a 1:1 ratio between DE-cad and Rap1 in
intervein cells, then this ratio is 2.5:1 in vein cells (i.e., vein cells
have fewer molecules of Rap1 for every adherens junction complex).
As an indicator of Rap1 activity, localization of the scaffolding
protein Cno was examined in the developing wing. Cno binds toFig. 5. Relative to DE-cad, levels of both Rap1 and Cno are reduced at vein–vein cell junc
DE-cad. For both DE-cad and Rap1-GFP, ﬂuorescence intensity was measured along two
(C) cells. (D) Fluorescence values speciﬁcally from cell–cell junctions were extracted to
more DE-cad localizes to vein–vein cell junctions than intervein–intervein cell junction
(E) A 36-h APF wild-type wing double-labeled for DE-cad and Cno. For both DE-cad an
Raw data (F and G) and peak values (H) are plotted. Analysis indicates that at vein–
(compared to intervein values). Error bars indicate SEM.*pr0.05 when compared to the
are not identical between panels.active Rap1 (Boettner et al., 2000; Boettner et al., 2003; Linnemann
et al., 1999; Su et al., 2003) and in several developmental contexts
(including the Drosophila wing) has been shown to act as a critical
downstream effector of Rap1 activity (Boettner et al., 2003;
Su et al., 2003; Xie et al., 2005). In particular, cno is necessary to
maintain an even distribution of DE-cad about the apical circum-
ference of epithelial cells, phenocopying Rap1 in this developmen-
tal context (O’Keefe et al., 2009). Rap1 activity is necessary for the
localization of Cno to adherens junctions, where it forms a link to
the actin–myosin cytoskeleton. This link is critical for apical
constriction of mesodermal cells during gastrulation, for example
(Mandai et al., 1997; Sawyer et al., 2009).
Wings from 36-h APF animals were dissected and double-
labeled for DE-cad and Cno (Fig. 5E). When pixel intensities from
these images were analyzed, a small but statistically signiﬁcant
drop in Cno was detected at vein–vein interfaces (compared to
intervein–intervein interfaces) (Fig. 5F and H). To conﬁrm that the
anti-DE-cad antibody was not affecting the Cno localizationtions. (A) Wings from Rap1-GFP animals were dissected at 36 h APF and labeled for
vectors: intervein (a), and vein (b). Raw data is plotted for intervein (B) and vein
more quantitatively compare ﬂuorescence (See Supplemental Fig. S5). Signiﬁcantly
s. In contrast, vein and intervein cell junctions contain similar levels of Rap1-GFP.
d Cno, ﬂuorescence was measured along two vectors, intervein (aa) and vein (bb).
vein cell junctions DE-cad levels are higher, while Cno levels are slightly lower
corresponding intervein Cno value via the Student’s t-test. Note that y-axis scales
Fig. 6. Localization patterns of Cno, DE-cad, and Rap1 in the pupal-wing epithelium. (A) Wild-type 36-h APF wing labeled for Cno. Vein L4 is indicated. (B) Using the image
from panel A, vectors were drawn through either intervein or vein territories (see Supplemental Fig. S6). (B) Fluorescence values along these two vectors are shown.
(C) Peak values of ﬂuorescence (from regions of cell–cell contact) were averaged, and analysis indicates that signiﬁcantly less Cno is present at vein–vein cell junctions than
intervein–intervein cell junctions. (D) Pupal wing (36 h APF) labeled for DE-cadherin. (E–G) Optical cross-sections through the bi-layered pupal-wing epithelium are
shown (36 h APF). (E) To highlight the apical/basal architecture of the wing, a projection of multiple adjacent sections through vein L4 and the posterior wing margin is
shown. Approximate location of the section is indicated by the boxed region (e) in panel (D). The apGal4 driver was used to express GFP in the dorsal half of the wing
epithelium, and the wing was labeled for DE-cad. Vein cells on both wing surfaces contract along the apical/basal axis to form a lumen (vein L4 is labeled). (E’) Arrows
indicate the apical surfaces of the dorsal and ventral wing epithelia, whereas an arrowhead indicates the apposed basal surfaces. (E’’) A single optical section of the same
wing is shown to highlight the apicolateral adherens junctions (arrow). (F) Pupal wing (36 h APF) double-labeled for DE-cad and Cno. These proteins co-localize at
adherens junctions (arrow), but Cno is absent from the basal domain (arrowhead). Cno also localizes to nuclei (4), which do not contain DE-cad. (G) Highest levels of
Rap1-GFP are found at apicolateral adherens junctions (arrows), whereas lower levels are found throughout the cell cortex (36 h APF). Error bars indicate SEM. *pr0.05
when compared to intervein Cno levels via the Student’s t-test. Note that y-axis scales are not identical between panels.
D.D. O’Keefe et al. / Developmental Biology 369 (2012) 223–234230pattern in this experiment, we labeled 36-h APF wings for Cno
alone. A similar pattern was seen (Fig. 6A) and quantiﬁcation
conﬁrmed that Cno levels were reduced in vein cells (Fig. 6B and
C; Supplemental Fig. S2K and L; Supplemental Fig. S6). As was
seen with Rap1, therefore, vein cells have far fewer molecules of
Cno for every adherens junction complex (compared to intervein
cells). This is consistent with the hypothesis that vein cells lack
sufﬁcient Rap1 activity (i.e., effector capacity) to maintain a
symmetric apicolateral distribution of adherens junctions, and
that the patterned regulation of Rap1 activity plays an important
role in determining vein-cell morphology.
To generate a more complete picture of protein localization
patterns within the pupal-wing epithelium, we examined optical
cross-sections. At 36 h APF, the wing consists of a dorsal and a
ventral epithelium that are opposed at their basal surfaces. Vein
cells, however, constrict along the apical/basal axis to form a lumen
(Fig. 6E). As we have previously demonstrated (O’Keefe et al.,
2007), high levels of DE-cad localize to both apico- and baso-lateralregions within the cell cortex of intervein cells (Fig. 6E). Cno co-
localized with DE-cad at apicolateral adherens junctions, but was
not found basally (Fig. 6F). Cno also localized to the nucleus, which
has been previously reported in the embryo (Sawyer et al., 2009).
Finally, high levels of Rap1-GFP were detected apico-laterally
(Fig. 6G), although lower levels were found throughout the cell
cortex. This Rap1 pattern is consistent with previous ﬁndings in the
wing disc (Knox and Brown, 2002). This analysis revealed sub-
stantial differences between the DE-cad, Cno, and Rap1 patterns of
localization, suggesting that the precise regulation of their localiza-
tion is important during epithelial differentiation.
Ras signaling down-regulates Cno
We next examined Cno distribution in two-cell clones of
ectopic vein cells. Clones of cells expressing either TkvQ235D or
RasV12 were generated at 0 h APF. Wings were dissected at 36 h
APF and labeled for Cno. In TkvQ235D-expressing cells, Cno levels
Fig. 7. Ras signaling regulates Cno levels. Clones expressing either TkvQ235D (A and B), or RasV12 (C and D) were generated at 0 h APF. Wings were dissected at 36 h APF and
labeled for Cno. (B) and (D) represent magniﬁed views of boxed regions in A and C, respectively. (A) TkvQ235D-expressing cells are apically constricted, but Cno levels are
not dramatically affected compared to surrounding wild-type tissue. (C) In contrast, Cno levels are down-regulated in RasV12-expressing cells. (E) and (F) indicate
ﬂuorescence intensity values measured along vectors (b) and (d), respectively. (E) Cno remains essentially evenly distributed about the apicolateral circumference of
TkvQ235D-expressing cells. (F) In contrast, Cno levels are dramatically lower at junctions between RasV12-expressing cells. Note that y-axis scales are not identical between
panels.
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tissue) (Fig. 7A and B), and an even apicolateral distribution of
Cno was maintained (Fig. 7E; Supplemental Fig. S2E and F).
In RasV12-expressing cells, however, Cno levels were down-regulated
at vein–vein cell contacts (Fig. 7C,D and F; Supplemental Fig. S2G and
H; Supplemental Fig. S7). This indicates that the Egfr/Ras and Dpp/Tkv
signaling pathways play non-equivalent roles in vein cell differentia-
tion. Whereas these two pathways act in concert to specify vein cell
fate, Ras plays the dominant role in down-regulating Rap1 activity to
affect vein morphology (see model, Fig. 8G). Furthermore, these
measurements support our hypothesis that cells within differentiat-
ing wing-vein territories lack sufﬁcient Rap1 activity to maintain an
even distribution of DE-cad about their apicolateral circumferences.
This compromise in Rap1 function leads to asymmetric adhesive
contacts and, at least in part, to the non-hexagonal shape that
characterizes vein cells.Discussion
During the early, proliferative phase of epithelial development
each cell strives to maintain adhesive contacts with its neighbors(Garcia-Bellido et al., 1973), generating, on average, a ﬁeld of
hexagonal-shaped cells (Gibson et al., 2006). This uniformity is
transient, however, as multiple cell types are frequently speciﬁed
within a single epithelium, each with a unique function and cyto-
architecture. Mechanisms must exist, therefore, for cell-type-
speciﬁc shapes to emerge as these heterogeneous epithelia begin
to morphologically differentiate. We show here that in the
Drosophila wing the regulation of Rap1 activity is one means by
which non-hexagonal epithelial cell shapes are generated.
Our studies have focused on the Drosophila wing vein. Within
the wing blade, veins comprise a small subset of cells, and during
pupal stages of development we have shown that vein-precursor
cells adopt a unique shape (trapezoidal), compared to surrounding
intervein cells (hexagonal). Presumptive vein cells are ﬁrst identi-
ﬁed by high levels of Egfr activity (Sturtevant et al., 1993), and we
have shown previously that Egfr signaling up-regulates the homo-
philic adhesion molecule DE-cad in these cells (both transcription-
ally and post-translationally) (O’Keefe et al., 2007). High levels of
cadherin generally result in apical constriction (Schlichting and
Dahmann, 2008), a prominent characteristic of the adult vein.
DE-cad is only one component of this morphogenetic process,
however, as increased levels of DE-cad did not result in a vein-like
Fig. 8. Models of adhesive changes and signaling events that determine vein-cell
morphology in the wing epithelium. For schematics (A–F) shapes colored grey
indicate vein-cell precursors, whereas black lines indicate DE-cad levels (thicker
lines indicate higher levels of DE-cad). For representative images (A’,E’,F’),
visualized proteins are indicated. (A) By 24–30 h APF, vein precursors have
narrowed to a single row of cells, which express high levels of DE-cad. (B–D) After
24–30 h APF adhesive asymmetries arise in vein cells as Cno levels are down-
regulated. (B) In hexagonal vein precursors (24–30 h APF) there is a 1:1
stoichiometry between DE-cad and Cno (i.e., each adherens junction is associated
with a molecule of Cno). (C) Ras signaling leads to reduced levels of Cno in vein
precursors, resulting in Cno-free adherens junctions that accumulate at vein–vein
cell contacts. (D) Adhesive asymmetries cause vein–vein cell contacts to expand at
the expense of vein–intervein regions of contact (arrows), resulting in pentagonal
vein precursors (E). The row of vein precursors then straightens (arrows in E), and
the 36-h APF conformation is attained (F). (G) The Egfr/Ras and Dpp/Tkv signaling
pathways act in concert to specify vein-cell fate within the Drosophila wing
epithelium. Egfr/Ras plays the critical role in determining the epithelial morphol-
ogy of these cells, however, by regulating DE-cad and Cno in a Dpp-independent
fashion.
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mechanisms might determine the non-hexagonal morphology of
vein precursors.In addition to elevated levels of DE-cad, another distinguishing
feature of pupal vein cells is an asymmetric distribution of DE-cad
about their apicolateral circumference, a phenotype most apparent
when two-cell clones of ectopic veins were examined. As loss of
Rap1 leads to asymmetric DE-cad (Knox and Brown, 2002; O’Keefe
et al., 2009), we hypothesized that Rap1 activity is down-regulated
in vein precursor cells compared to surrounding intervein pre-
cursors. Consistent with this hypothesis, Rap1 over-expression
dramatically disrupted pupal vein cell shape without affecting cell
fate (i.e., DSRF levels). Rap1 over-expressing vein cells had more
symmetric DE-Cad distributions, and did not adopt a trapezoidal
morphology (Fig. 4B and E). This often led to morphological vein
defects in the adult wing (Fig. 4G). In addition, the localization
patterns of Rap1-GFP and Canoe suggested lower levels of Rap1
activity in pupal-vein precursors (compared with surrounding
intervein cells) (Figs. 5 and 6). We have previously demonstrated
that the generation of Rap1 loss-of-function clones during larval
stages results in vein loss (O’Keefe et al., 2009). Rap1 activity,
therefore, plays a dual role in wing-vein formation. First, during
larval and early pupal stages, Rap1 stabilizes adhesive contacts
between adjacent epithelial cells, thereby facilitating Egfr signaling
and maintaining vein-cell fate. Hours later, as the wing begins to
differentiate, down-regulation of Rap1 activity drives the morpho-
logical changes necessary for vein formation.
How does the down-regulation of Rap1 activity speciﬁcally
increase DE-cad levels at vein–vein cell contacts? Rap1 recruits
Cno to adherens junctions, where Cno forms a physical link
between adherens junctions and the actin cytoskeleton (Sawyer
et al., 2009). As such, Cno primarily acts as a non-enzymatic
scaffolding protein, which suggests that stoichiometry between
DE-cad and Cno is important. Based on our immunoﬂuorescence
analysis of apicolateral cell junctions in the wing, there is a large
disparity between Cno and DE-cad levels in vein cells, as Egfr/Ras
signaling both up-regulates DE-cad, and down-regulates Cno. We
infer from these data that vein cells contain far fewer adherens
junction complexes that are associated with a molecule(s) of Cno
(compared to intervein cells). As Cno represents the critical Rap1
effector in this context, these Cno-free adherens junction com-
plexes would be functionally dissociated from Rap1 signaling, and
free to localize in an asymmetric fashion. Relieved from spatial
constraints concerning symmetry, adherens junction complexes
would accumulate at vein–vein interfaces, where chances of
encountering an intercellular binding partner are highest for
two reasons: (1) adjacent vein cells express higher levels of DE-
cad than adjacent intervein cells, and (2) adjacent vein cells
contain Cno-free adherens junction complexes, which are simi-
larly relieved from symmetry constraints (Fig. 8C).
The formation of asymmetrical adhesive contacts in presump-
tive vein cells is coincident with changes in apical cell shape.
We asked, therefore, how changes in DE-cad localization might
affect vein-cell shape, and have proposed a simple model based on
examinations of a timecourse of vein differentiation (Fig. 8). The
balance between intercellular adhesion and cortical tension is a
critical determinant of cell shape. Increased adhesion expands cell
contacts, and cortical tension opposes this effect (Kafer et al., 2007;
Lecuit and Lenne, 2007). Our data suggest that after 24 h APF,
vein–vein cell contacts are characterized by high levels of adhesion
(i.e., DE-cad) and decreased levels of cortical tension (i.e., Cno,
which links adherens junctions to the actin cytoskeleton). We
hypothesize that these factors drive the expansion of vein–vein
contacts at the expense of one vein-intervein cell contact (Fig. 8D),
resulting in the formation of a pentagon (Fig. 8E). Real-time
imaging of vein differentiation will be used in the future to test
this model of morphogenesis.
The Egfr/Ras and Dpp signaling pathways act in concert to
specify vein-cell fate. At 12–16 h APF, Egfr/Ras activity turns on
D.D. O’Keefe et al. / Developmental Biology 369 (2012) 223–234 233dpp expression in presumptive vein cells (de Celis, 1997). After
this stage of development, Dpp is required to maintain vein
identity and high levels of Egfr/Ras signaling in presumptive vein
cells (creating a positive feed-back loop) (Sotillos and De Celis,
2005). In contrast, these developmental signaling pathways have
very different effects on cell adhesion and epithelial cell morphol-
ogy. We have shown previously that Egfr/Ras activity up-regu-
lates DE-cad levels in vein precursors, and that it does so in a
Dpp-independent fashion (O’Keefe et al., 2007). Results presented
here indicate that Egfr/Ras signaling also plays the dominant role
in regulating Rap1/Cno. Two-cell clones that express RasV12
phenotypically resembled Rap1 loss-of-function cells (more so
than TkvQ235D clones). In addition, RasV12 down-regulated the
critical Rap1 effector Cno, whereas this effect was not evident in
TkvQ235D-expressing cells. As loss of Cno disassociates actin–
myosin contractility from cell shape (Sawyer et al., 2009), RasV12
two-cell clones were less apically constricted than TkvQ235D-
expressing cells. Egfr/Ras signaling is also associated with asym-
metric adhesive contacts in other developmental contexts. In the
Drosophila eye, for example, Egfr/Ras signaling is required in
photoreceptors. Much like vein cells, photoreceptors adhere more
tightly to one another than to surrounding cells (Hayashi and
Carthew, 2004; Mirkovic and Mlodzik, 2006). This raises the
possibility that Egfr down-regulates Rap1 activity in multiple cell
types following their speciﬁcation, enabling them to differentiate
appropriate cell shapes. Finally, it will be interesting to determine
how the Egfr/Ras and Dpp signaling pathways regulate other
aspects of vein-cell morphology (e.g., constriction along the
apical/basal axis to generate a lumen).
In the wing, Egfr/Ras signaling does not affect Rap1/Cno
activity at every developmental stage. High levels of Egfr/Ras
signaling are detected in vein cells at the beginning of the third
larval instar (Sturtevant et al., 1993), but vein/intervein cell-shape
differences are not observed before 24 h APF. As such, the
Rap1/Cno complex likely represents a pupal-speciﬁc target of
Egfr signaling. We have shown, therefore, that a single develop-
mental signaling pathway can ﬁrst determine a cell’s fate, and
later contribute towards its morphological differentiation. Critical
to this process, therefore, are genetic and/or epigenetic factors
that temporally regulate the output of Egfr/Ras signaling. In the
future it will be important to identify such factors not only for the
Egfr/Ras pathway, but other developmental signaling pathways
as well.
Finally, it is becoming increasingly clear that Rap1 affects cancer
progression, often by promoting metastasis. In cancer cells, levels of
Rap1 activity are typically high, which stimulates migration and
metastasis by up-regulating integrin-based cell adhesion. Such is the
case in pancreatic, prostate, and breast cancers (Bailey et al., 2009;
McSherry et al., 2011; Ricono et al., 2009). However, loss of Rap1 can
also cause metastasis by down-regulating cadherin and disrupting
the epithelial integrity of the tumor (e.g., ovarian and prostate
cancer) (Yajnik et al., 2003). Within this disease context, the Egfr/
Ras and Rap1 signaling networks often interact. Most recently, Egfr
activation of Rap1 has been shown to promote metastasis of human
pancreatic carcinoma cells (Huang et al., 2011). The precise mechan-
isms by which Egfr/Ras signaling affects Rap1 activity (both during
normal development and disease) must be deciphered, therefore, if
we are to understand and/or mitigate these metastatic processes.Acknowledgments
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